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Project Summary: 

Motivation: The goal of this project was to develop a systematic approach to Molecular Beam 
Epitaxy (MBE) experimentation and characterization. Such an approach has benefits to both 
research, in that experiments are made more efficient, and to technology transfer to 
manufacturing, in that a process methodology can be used. Our approach has been to perform 
statistical experiment designs (SEDs, also referred to as Design of Experiments, (DOE)) to 
uncover critical effects and interactions in the MBE process/ We then use this experimental data 
to build models. 

The use of SED approach has the following benefits. First the approach is efficient; that is, the 
most information can be extracted from a limited number of experiments. Varying all of the 
factors simultaneously in the SED approach is better than the typical "one variable at a time" 
approach to experimentation. Using a SED allows for the development of process models that 
fully characterize the response surface, and finally, interactions between parameters can be 
uncovered. 

In this project, we investigated four different types of materials grown by MBE and applied this 
approach to each type. These cases are discussed below. 

Case I: AlGaAs-InGaAs Strained Quantum Well. This structure forms the basis of many 
important commercial devices grown by MBE today, including the PHEMT and the quantum 
well laser. A Resolution IV 2 6-2 fractional factorial design was used to analyze this structure. 
The structure and factor names and ranges are shown below in Figure 1. 
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Figure 1: Structure and Factor Names and Ranges 

Sixteen runs were made. For this design no main affects were aliased with any other main effects 
or any two-factor interactions. Characterization for this structure included X-Ray diffraction, 
photoluminescence and surface defect counts. Figure 2 shows the significant factors and 
interactions in relation to the characterization parameters (or outcomes of the runs). 
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Factors FWHM Pos. FWHIVPos. 

TOX X X X X X X X X 

Tl OX X X X X X 

TAL X X X X X 

TIN X X X 

PAS X X 
INT TIME X X 
TOX'TAL X 
TOX*TIN 
TOX*PAS X X X 

Tl OX*TIN X 
Tl OX*PAS X X 

TAL/TIN X X 

TAL*PAS X X 

TIN*PAS X X X 

TIN*INT TIME X X X X 

PAS*INT_TIME X X 

Figure 2: Significant Factors and Interactions 

Process models were developed using both response surface methods and neural networks. 
Figure 3 shows the InGaAs photolumuminscence full width at half-maximum (FWHM) vs. the 
quantum well growth temperature and the arsenic growth temperature (controlling the arsenic 
flux). 
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Figure 3. InGaAs Quantum Well FWHM vs. Substrate Temperature and Arsenic Pressure 



This figure shows expected behavior. That is, the FWHM is narrower for those growth 
conditions that kinetically limit strain-induced degradation of a growing film. This observation 
confirms previous understanding of MBE growth of strained quantum wells. In addition, we 
have discovered new interactions. Figure 4 shows that the AlGaAs structural quality (as assessed 
by X-ray diffraction FWHM) depends on the temperature for substrate cleaning or oxide removal 
and the substrate temperature for growth. 
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Figure 4: AlGaAs FWHM dependence on deoxidation temperature and substrate temperature 

First, it is shown that if the higher the deoxidization temperature, the higher the structural film 
quality, and this probably results from oxygen incorporation into the film. In addition, the 
optimum substrate temperature depends on the oxide removal temperature. We conjecture that 
this is the result of interplay of cation migration and oxygen segregation and incorporation. 

Case II. Case II is the growth of InP by solid source MBE. Solid source MBE is increasingly 
important as the growth technique of choice of P-containing materials. It avoids the toxicity 
issues inherent in the gas source methods and offers the advantages of MBE: low temperature 
growth and the resultant good interface quality and doping control. Three parameters were varied 
in this SED: P flux (from 4-8 x 10-6 T), the substrate temperature (from 470-540 C), and the 
growth rate (from 0.3-0.7 monolayers/sec). The experiment was conducted simultaneously on 
InP (100) and (111) substrates. The modeling was achieved by using a least squares estimation 
from RS/Discover software. Data analysis included Hall measurements and AFM for surface 
analysis. A wide range of conductivity was achieved for these undoped samples. The interactions 
between incident flux and growth temperature and growth rate relate primarily to impurity and 



defect affects. For example, the P and In sources are both known sources of impurities, so that 
with increasing fluxes we can expect increasing impurity incorporation and resultant changes in 
electrical conductivity. In addition, the Group V/Group III flux and substrate temperature control 
the native defect concentrations (such as vacancies) and the desorption of impurities. Our 
experiment yielded 77K electron concentrations of 1.5 x 1015 cm" to 1.6 x 1016 cm"3. Figu 
show the model fits for interactions between the various parameters. 

Figures 5-7 
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Figure 5: Electron concentration dependence on substrate temperature and phosphorus flux 
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Figure 6: Electron concentration dependence on substrate temperature and growth rate 
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Figure 7: Electron concentration dependence on growth rate and phosphorus flux 

Some general conclusions are made. First, a higher temperature results in a lower electron 
concentration. The interaction terms relate to appropriate V/III ratios for the given terms. We are 
still in the process of relating this model fit to our understanding of P-based growth. 

Case III: Case III covers the important role of the low temperature buffer in the growth of GaN 
by MBE on sapphire. The buffer and nucleation conditions are known to establish the polarity of 
the film and the defect density (grain size) that can be propagated into the film. Figure 8 shows a 
schematic diagram of the structure growth. 

GaN Epilayer (6500Ä) 

aN LT Buffer Layer(250-800Ä) 
Nitridation 
Sapphire Substrate 

Figure 8: Structure of samples for GaN experiments 



Table 1 shows the conditions varied in the buffer. 

Layer     Factor Range Unit 

Nitridation 
Temperature 600 - 800 8C 
Time 1 -30 mm 

Low Temperature Buffer Lay« >r 
Ga Flux 1.1 -2.1x10-7 Torr 
Growth Time 3-15 min 
Growth Temp. 400-600 "C 
Nitrogen Power 350 - 500 Watt 

Epilayer 
GaFlux 4.4x10-7 Torr 
Growth Time 120 min 
Growth Temp. 680 •c 
Nitrogen Power 450 Watt 
Nitrogen Pressure 2.2x10-5 Torr 

Table 1: Factors and ranges for the GaN experiment 

The overlayer growth conditions were fixed. Table 2 shows the significant factors assessed from 
the material analysis. 

Photoluminescence X-ray diffraction Mobility 

Linewidth Peak to  Linewidth Peak to (00.4) (10.5) 300K 77K Thickness 

(300K) YL ratio (77K) YL ratio 

NTime 0.6495 0.1417 0.0036 0.0334 0.1838 0.0931 0.1128 0.0083 0.9219 

NTemp 0.3323 0.4109 0.6146 0.4637 0.5971 0.7226 0.7819 0.8105 0.1243 

BTemp 0.3454 0.4375 0.0510 0.7333 0.3508 0.2082 0.3782 0.6461 0.5824 

GaTemp 0.0501 0.0480 0.0281 0.0243 0.0003 0.0039 0.0010 0.0012 0.0825 

NPower 0.0218 0.7545 0.3430 0.8515 0.3638 0.8505 0.4516 0.3809 0.1389 

GTime 0.3852 0.3255 0.5066 0.1442 0.2536 0.4361 0.3868 0.0872 0.0004 

Table 2: Significant factors (bold) for the experiments 

Photolumisncesce, X-ray diffraction, mobility (of the films doped to 2 x 1018 cm"3) were 
measured. In addition, correlations in the film properties were measured. The RHEED pattern 
was recorded at the termination of growth. It was found that a bulk, but streaky pattern correlates 
with the highest mobility. Films with reconstructed surfaces showed the lowest mobilities. This 
is shown in Figure 9. 
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Figure 9: 300K Hall mobility vs. Ga flux (growth rate) and with RHEED pattern designation 

We tried to assess the polarity of the films, but etching results were inconclusive. We conjecture 
that films with larger volumes of a single polarity are better than mixed polarity films, and that 
the reconstructions indicate domains of Ga-polarity. A uniform Ga-polarity would, of course, 
yield the best results. Figure 10 shows the dependence of the film mobility on the III/V flux ratio 
during the buffer growth. 
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Figure 10: Dependence of 300K Hall mobility on buffer Ga flux (growth rate) and nitrogen 
plasma power 



We find that a higher growth rate yields better mobility and that the higher N power probably 
induces some defects due to damage. A smoother surface is obtained with the higher growth rate 
as indicated by RHEED measured at the termination of the buffer (Figure 11). 
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Figure 11. RHEED After Finishing Buffer Growth 

This smoother surface translates to larger grain size in the final film morphology. Figure 12 
shows AFM characterization of films with increasing growth rate and the corresponding 
mobilities. 
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Figure: 12: AFM images of GaN surfaces with different buffer growth conditions 

We continue to assess this data and this will serve as a launching point of further investigation. 
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Case IV: Case IV is a study of the growth and annealing conditions of low temperature InGaAs 
for high speed MSM applications (work pursued in collaboration with Professor Stephan Ralph) 
Three different process conditions were used for the growth. The growth temperatures were 
225C, 350C or 450 C. The Be doping concentration was 3 x 1017 cm"3, 2.5 x 1018 cm"3 to 1 x 10 
cm"3 and the As overpressures were either 15 x 10"6 T or 30 x 10"6 T. All the samples were 
analyzed as-grown and with 500 and 600 C anneals after growth. The photoexcited carrier 
lifetimes and the relative mobilities were determined via far infrared Terahertz spectroscopy. In 
addition, Hall measurements and linear absorption measurements were made. Models were made 
with neural networks. Carrier lifetimes from 800 to 1 psec were measured. It was confirmed that 
Be doping reduced the carrier lifetime for the as-grown materials. The shortest photoexcited 
carrier lifetimes were measured for the as-grown material with the highest Be doping and the 
lowest growth temperature. The use of a higher As overpressure increases the carrier lifetime 
independent of all other growth conditions. The carrier lifetimes are retained after the anneals for 
doping levels of 2.5 x 1018 cm"3 and 1 x 1019 cm"3. For the Hall measurements, the lowest growth 
temperature produces n-type or highly resistive materials. Increasing the growth temperature is 
directly associated with increasing the hole concentration. This behavior is partially explained by 
the compensation effect of the donor. The carrier concentration is insensitive to the As 
overpressure. Figure 13 shows the measured carrier concentration vs. the growth conditions. 
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Figure 13: 300K Hall measurements for different growth conditions 

The effect of annealing was very complex. The annealing behavior is highly sensitive to growth 
temperatures and Be concentration. Dramatic changes in lifetimes can be observed and are 
dependent on the As overpressure. 

Conclusions: We have examined four cases for MBE growth and modeling using SED. We 
continue to expand our physical interpretations of the date. We are building on this work in 



application to anion exchange (AFRL contract) and in application to device growth (NSF 
GO ALI proposal is being planned with a company). 
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